A 1.86 W cw single-frequency 1319 nm laser was produced by using an 885 nm-pumped Nd:YAG crystal with a compact four-mirror ring cavity, for the first time to our knowledge. The Nd:YAG produced a slope efficiency of 21% and an optical-to-optical efficiency of 18% with respect to the absorbed diode pump power. A near-diffraction-limited beam with M 2 1.2 was achieved under the maximum output power.
Introduction
Single-frequency 1319 nm lasers, which have narrow linewidth, minimum dispersion for silica optical fiber, and good absorption of water molecules, are required in many applications, including coherent communications, interferometric sensing, and radar control [1, 2] . How to simultaneously improve the output power and the beam quality receives extensive attention. It is well known that thermal effects, including thermal stress birefringence and the thermal lens effect, are an important factor causing poor beam quality and low output power. One costeffective way to reduce these problems is by decreasing the Stokes shift between the pump and the laser photon energies [3] , which is the main cause of the generation of heat. Recently, a scheme has been developed to pump Nd 3 ions directly into the 4 F 3∕2 upper lasing level in order to provide a low Stokes shift [3] [4] [5] [6] [7] . Nd:YAG, which has excellent optical and mechanical properties, can be pumped at 885 nm to achieve this and obtain high efficiency [3, [6] [7] [8] .
Over the past few years, some ways have been developed to implement single-frequency 1319 nm lasers. Gavrilovic et al. [9] obtained an output power of 210 mW at 1.3 μm by a microcavity. Gao et al. [10] reported a 616 mW laser produced with a monolithic nonplanar ring resonator. The Innolight Mephisto series 1319 nm lasers, which use nonplanar ring oscillator technology and whose output powers go up to 800 mW, have a simple structure, small size, and narrow linewidth, but their cavity is a whole, which is not conducive to adding other control devices and requires a higher precision crystal. Instead, a ring laser with discrete elements is a suitable approach for high-power single-frequency lasers with compact structures and allows the introduction of intracavity components. Hall and Ferguson [11] obtained 650 mW laser output at 1319 nm using discrete elements with two cavity mirrors. A four-mirror ring cavity could further improve power and efficiency. There have been some experiments that obtained 1064 nm single-frequency lasing with the cavity structure [12, 13] .
To our knowledge, there has been no paper reporting on the use of a four-mirror ring cavity for 1319 nm single-frequency lasers. Here we describe a cw single-frequency 1319 nm laser using an 885 nmpumped Nd:YAG crystal with a compact four-mirror ring cavity. With an absorbed pump power of 10.39 W, the output power at 1319 nm was 1.86 W, corresponding to a slope efficiency of 21% and an optical-tooptical efficiency of 18%.
Experimental Setup
The experimental setup is shown in Fig. 1 . A simple ring cavity consisting of two flat mirrors (M 1 and M 2 ) and two concave mirrors (M 3 and M 4 , r 200 mm) was used. In order to reduce losses, the end surfaces of the crystal were antireflection (AR) coated at 885 nm and 1319 nm (T > 99.5% at 885 nm and 1319 nm). M 1 , M 3 and M 4 were high-reflection coated at 1319 nm (R > 99.5% at 1319 nm and T > 60% at 1064 nm) to suppress oscillation of the 1064 nm laser, given its large emission cross section. The output coupler, M 2 , with transmittance of 5% at 1319 nm, was employed for adequate feedback. A tilted etalon was used as a polarizer and was also able to compensate the astigmatism introduced by the off-axis concave mirrors. The uncoated etalon (⌀25 × 4 mm 3 ), of BK7 glass, was tilted so that the incidence angle could be in accordance with Brewster's angle (56.3°). An optical isolator was necessary to drive laser operation unidirectionally and eliminate spatial hole burning in the Nd:YAG. The isolator contains a terbium gallium garnet Faraday rotator and a half-wave plate. A solid etalon (1.45 mm) was inserted into the cavity to select the 1319 nm line and restrain the oscillation at 1338 nm, which has a similar emission cross section to that at 1319 nm. The Nd:YAG, with 0.7% Nd doping and dimensions of 3 mm × 3 mm × 15 mm, was connected to a water-cooled heat sink by means of indium foil and pumped by a laser diode. We obtained the absorption rate of Nd:YAG from the 885 nm pump laser by measuring the input pump power in front of the crystal and transmission power after it. The input pump power was that remaining after the coupling lens and input mirror M 1 from the fiber. The absorbed power was approximately the difference between the input power and transmission power because the reflection loss of the crystal surfaces was negligible, owing to the AR coating. As shown in Fig. 2 , when the pump power was increased, the absorption rate did as well. We believe that the rise of laser diode temperature brought the center wavelength close to 885 nm, which is one of the absorption peaks for Nd:YAG. It was found that the absorption percentage reached 62% when the input pump power was 16.69 W. The absorption coefficient of the 0.7% Nd doped Nd:YAG to 885 nm was about 0.7 cm −1 . The value was low, so we chose the long (15 mm) crystal to achieve better absorption and a more regular longitudinal distribution of pump light in the crystal. The 885 nm pump beam was coupled by a fiber with core diameter of 200 μm and numerical aperture of 0.22. The coupling lens, with magnification of 1∶2, was chosen to acquire a suitably sized pump beam. We measured a pump beam waist radius of about 220 μm and divergence angle of about 300 mrad after an imaging lens by CCD (Spiricon LBA-FW-SCOR). The proportion between the waist radius and the core radius of the fiber met the magnification of approximately 2∶1. Taking into account the absorption of the crystal and the pump beam lateral distribution and divergence, we calculated the average radius over the length of the crystal to be about 296 μm. We obtained the equivalent thermal focal length by way of a nonsymmetrical plane-plane cavity [14] and estimated it to be about 160 mm when the crystal absorbed a pump power of 10.39 W. In order to achieve reasonable mode match and a wide thermally stable region, we designed the cavity as follows: the distance from the center of the crystal through M 2 to M 3 was 317 mm; from M 3 to M 4 was 275 mm; and from M 4 to the center of the crystal through M 1 was 287 mm. The four-mirror ring cavity and the crystal could be equivalent to a thin lens series in our calculation with an ABCD ray propagation matrix. As shown in Fig. 3 , the spot size did not change significantly until the focal length decreased to 150 mm, demonstrating a wide stable region. In addition, the beam radius of the TEM 00 mode in the Nd:YAG is 265 μm, corresponding to the focal length of 160 mm. The ratio of the laser mode size to pump beam size is about 0.9, which could lead to TEM 00 operation of the laser [15] .
Results and Discussion
The output power of the 1319 nm laser as a function of absorbed pump power at 885 nm is shown in Fig. 4 . At an absorbed power of 10.39 W, 1.86 W of 1319 nm laser was achieved, yielding an optical-to-optical efficiency of 18%. By linear fitting of the data, we calculated the slope efficiency with respect to absorbed pump power to be 21%. The absorption percentage reached up to 62%, which was not adequate for higher output power. Making use of a retroreflective system [16] or more highly doped or longer laser crystals would help to enhance the absorption efficiency.
Single-frequency operation of the laser was verified by a confocal Fabry-Pérot (FP) interferometer with center wavelength at 1319 nm, with free spectral range (FSR) of 3.75 GHz and finesse greater than 50. The resolution of the interferometer was better than 75 MHz and the interval between longitudinal modes, mainly determined by cavity length, about 170 MHz, so the resolution was enough to distinguish adjacent longitudinal modes. As shown in Fig. 5 , only one longitudinal mode appeared in the FSR when the output power was 1.86 W, which demonstrates single longitudinal operation. The beam quality of the 1319 nm laser near the maximum output was measured by the knife-edge method. The beam radius as a function of position of propagation is shown in Fig. 6 . The data were fitted to obtain the beam quality factor (M 2 ) by using the standard mixed-mode Gaussian beam propagation equation. The M 2 was about 1.2, which explained single transverse mode operation. In summary, we have shown that the output laser was in the single-frequency state.
Conclusion
We have obtained a 1.86 W cw single-frequency laser at 1319 nm by using Nd:YAG pumped at 885 nm in a compact four-mirror ring cavity for the first time. The optical-to-optical efficiency was 18% and the slope efficiency was 21% with respect to the absorbed pump power. The beam was nearly diffractionlimited with M 2 1.2. Further increases in efficiency should be possible by increasing the crystal length or doping concentration or the use of feedback systems [16] . The laser could also be applied in a master oscillator power amplifier system for singlefrequency lasers of higher power. 
